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AB STRACT:
The characterist ics of a water cerenkov monitoring and cal ibrat ing system
are  descr ibed.  A  n i t rogen laser  p rov ides  nanosecond pu1 ses  o f  u l t rav io le t
' l  i gh t .  The t ime o f  f i r ing  and the  pu lse  he iEht  o f  the  l igh t  pu lses  are  under
comDuter control.  The laser 
' l ight is guided to the detectors by an optical
f iber .  A t  the  end o f  the  f iber  the  l igh t  pu lse  may be  iso t rop ica l ]y  d ispersed
to l ight thousands of PMTs viewing the same water volume. The t ime resolut ion
of  PMTs as  we l  l  as  pu lse  he igh t  response and reso lu t ion  ( f rom the  s ing le
photoelectron level to phototube saturation) are rneasured using a single fast
photomul t ip l ie r  tube and a  128 PMT ar ray  in  a i r .  Th is  sys tem wi l l  a lso  be  o f
use  in  ca l ib ra t ing  l iqu id  sc in t i l l a to r  de tec tors .
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1 I NTRODUCTION
Photomul t ip l ie r  tubes  (PMTs)  a re  w ide ly  used as  de tec tors  o f  Cerenkov
rad ia t ion  because o f  the i r  exce l len t  t ime and energy  reso lu t ion ,  and the i r
sensit ivi ty down to the single photoelectron level .  Large aruays of PMTs (up
to thousands of tubes) are being designed and constructed to detect the prod-
ucts of proton decay in water. The I ight system described here was developed
to nonitor and cal ibrate the I rvi  ne-Mi ch i  gan -Brookhaven (IMB) water Cerenkov
detector. That detector consists of an array of 2048 PMTs evenly distr ibuted
over  the  faces  o f  a  cube o f  water  21  meters  on  a  s ide , l  Cont inuous  mon i to r ing
of  the  de tec tor  w i th  ca l ib ra t ion  f lashes  in te rspersed randomly  dur ing  da ta
tak ing  can prov ide  ind ispens ib le  in fo rmat ion  on  the  per fo rmance o f  the  de tec-
to r .  I t  i s  des i rab le  in  such a  de tec tor  to  mimic  the  sought  fo r  s igna l  by
f i r ing  a l l  o f  the  tubes  a t  once w i th  a  s ing le  l igh t  pu l  se  in  the  n idd le  o f  the
water  vo lume.  A  cent ra l l y  loca ted  source  w i th  an  iso t rop ic  ou tpu t  i s  neces-
sary. I , le have developed such a source producing pulses at each tube of
vary ing  in tens i ty  f rom f rac t ions  o f  a  percent  f i r ing  probab i l i t y  to  hundreds
of photoelectrons. Timing and intensity are under computer control .
In this paper we wil l  describe the system elements and performance using
both  a  s ing le  fas t  PMT and a  ' la rge  sca le  l2B PMT ar ray  in  a i r  w i th  wh ich  the
l:r 'ght source bras perfected before instal lat ion in the water detector.
2. SYSTEM ELEMENTS
The block diagrams in Figures I ancl 2 give an overview of the system.
Figure 1 detai ls the components. The system operates in the fol lowing manner:
A  computer  encodes f i r ing  t ime and pu lsehe igh t  in fo rmat ion  in to  cont ro l  s ig -
na1 s for the Iaser and the optical processor, respectively. The nitrogen
'I 
aser (chosen for i ts subnanosecond pu1 se length and 337 nm lravelength
in the Cerenkov spectrum) is tr iggered. The beam fir ing is monitored by a
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photod iode and a t tenuated .  F ina l  l y ,  an  op t ica l  f iber  t ransmiss ion  l ine
conducts  the  l igh t  to  an  iso t rop ic  d i f fuser ,  wh ich  d is t r ibu tes  the  l iqh t  to
the PMTs.
F igure  2  shows deta i l  o f  the  op t ica l  p rocess ing  sec t ion  o f  F igure  1 .  A
quartz window ref lects a port ion of the incident beam to the photodiode. A
s tepp ing  motor  se lec ts  a  f i l te r  fo r  the  des i red  a t tenuat ion  o f  the  remainder
o f  the  beam.  A pos i t ion ing  c lamp is  used to  center  the  op t ica l  f iber  in  the
f i l te red  beam for  bes t  coup l ing .
CAMAC control signals determine the t irning of the pulses and their
a t tenuat ion  in  p rocess ing .  The photod iode response,  d ig i t i zed  b .y  a  t ime
d ig i t i zer  (TDC)  and an  ana log  to  d ig i ta l  conver te r  (ADC) ,  g ives  in fo rmat ion  on
the  un f i l te red  beam.  The beam t ransmiss ion  l ine  is  a  fused s i l i ca  op t ica l
f iber .  I t  te rmina tes  in  a  spher ica l  boros i l i ca te  cav i ty  f i l l ed  w i th  a
d i f fus ing  suspens ion .  There ,  Ray ' le igh  sca t te r ing  produces  an  iso t rop ic
sou rce .
An isolat ion transformer prevents high frequency transients from the
laser spark gap tr igger from entering the common AC. Gas regulat ion sets the
spark  gap sens i t i v i t y  and na in ta ins  the  proper  f low o f  n i t rogen in  the  las ing
channe l  .  Un i fo rm channe l  f low insures  tha t  ions  are  evacuated  so  a
. reproduc i  b l  e  l igh t  ou tpu t  resu l ts .
2 .1  The L i  gh t  Source
The n i t rogen laser2  was chosen fo r  i t s  wave length ,  pu l  se length  and
t r iggerab i l i t y .  I t  p rov ides  enough energy  to  i l l umina te  thousands o f  PMTs to
sa tura t ion  w i th  the  ar rangement  shown in  F igure  1 .
The wavelength of i ts output at 337 nm is between the lower ha1 f power
point and the peak of the Cerenkov spectrum for a B = 1 singly charged par-
t i c le  as  v iewed th rough l0  m o f  water  (see  F igure  3c) .  Th is  i s  the  most
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vulnerable region of the spectrum because of the fal loff  of the primary
spectrum in f igure 3a and the transmission length of the water at 337 nm in
f igure  3b .  F igure  3d  shows the  photocathode r sponse o f  a  typ ica l  b ia lka l i
photomul t i  p l  i  er3 used as the primary detector el ement in the IMB experirnent.
The spec t ra l  response o f  b ia lka l i  PMTs is  we l l  matched to  the  u l t rav io le t
rad ia t ion  f ron  Cerenkov  l igh t  th rough water  (c f .  f igures  3c  and 3d) ,
The laser  l igh t  pu l  ses  are  shor t  w i th  respec t  to  the  5  nanosecond t rans i t
t ime j i t te r  o f  the  PMT.  S ince  the  uncer ta in ty  in  the  t im ing  o f  the  laser
outpu t  can  be  made very  smal l  (<  1 .5  ns) ,  the  t ime reso lu t ion  o f  the  PMT
dominates  t ime f l  uc tua t ion  in  P l , lT  s igna ls .  Each pu lse  then y ie lds  a  d i rec t
measurement of the t ime resolut ion of the PMT.
The laser  i s  t r iggered by  a  sequence o f  two TTL 1eve l  t r igger  pu lses .  A
custom CAMAC uni14 produces the t iming signals with a dynamic range of l  to
50  us  be tween pu lses  and w i th  an  accuracy  o f  0 .5  ns .
l^Je cal ibrate PMT response over a wide dynanic range of incident l ight
' I  
eve ls  f rom the  0 .1  photoe lec t ron  leve l  {10% f i r ing  probab i l  i t y )  up  to  the
h ighes t  l igh t  leve ls  in  the  exper i rnent  i .e .  1000 photons  per  PMT a t  10  meters
f rom the  d i f fuser  ba l l .  Th is  requ i res  the  laser  to  p roduce a  min imum of  -  1010
photons  per  pu1 se .  The un f i  l te red  d i rec t  beam has  -  1914 photons  per  pu lse .
Add i t ions  and mod i f i ca t ions  have been made to  the  commerc ia l  1y obta ined
laser  to  ease main tenance and inprove re l iab i l i t y .  Impor tan t  changes inc lude
ex terna l  gas  regu la t ion ,  AC l ine  cur ren t  con t ro l  ,  and HF no ise  suppress ion .
Gas f low is  cont ro l led  by  a  need le  va lve  and non i to red  by  a  p ressure  gauge and
flow meter. The power ' l  ine has a ferr i te core for noise suppression, The
pa in t  on  laser  hous ing  mat ing  sur faces  has  been removed to  p rov ide  a
conduct ive  rad ia t ion  t iqh t  sea l  .
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2.2  0p t ica l  Process i  ng
Beam manipu la t ion  to  mon i to r  and a t tenuate  the  laser  ou tpu t  and coup le
i t  to  the  op t ica l  f iber  i s  de ta i  led  in  f igure  2 .  The beam sampler  i s  a  th in ,
op t ica l  l y  f la t  quar tz  p la te  wh ich  g ives  a  4% re f lec t ion  a t  each face .  The
8% removed from both faces is incident on the photodiode. The si l icon photo-
d iode was se lec ted  fo r  i t s  fas t  response (<  1ns)  and UV sens i t i v i t yS.  I t
was  necessary  to  make the  leads  in  the  photod iode c i rcu i t  as  shor t  as  poss ib le
to minimize high frequency pickup from the laser spark gap. The photodiode
is  used to  measure  f luc tua t ions  in  the  ampl i tude and t im ing  o f  the  laser
outpu t  as  we l l  as  to  non i to r  laser  e f f i c iency .
The central bearn continues to the f i l ter ing section which contains a
f i l te r  whee l  .  The f i l te r  whee l  con ta ins  f i l te rs6  in  f i ve  op t ica l  dens i ty
s teps  a t  337 nm wh ich  g ive  a  dynamic  range o f  600 in  l igh t  f i l te r ing .T  The
durab i l i t y  o f  the  f i l te rs  i s  such tha t  the i r  op t ica l  dens i t ies  shou ld  re rna in
s tab le  w i th  p ro longed exposure  (>  5  years )  to  laser  pu l  ses  a t  our  pu1 se  ra tes
and in tens i t ies8 .  A  s ix th  f i l te r  s lo t  i s  le f t  open as  a  100% t ransmiss ion
reference. The f i l ter wheel is used to step the intensity of the beam from
the single photoelectron ' level to phototube saturation. A potentiometer
readback  and mechan ica l  s top  are  used to  se t  and ver i f y  the  whee l  pos i t ion .
2 .3  The op t ica l  F i  ber
Important parameters of the optical f iber are bandwidth and attenuation.
The pu lse  d ispers ion  in  t ime is  de termined f rom the  bandwid th  by  the  fo rmula9 :
+u s
t s  i s  the  FWHM spread ing  in
B!^l is the bandwidth in Hz
l .  i s  the  f iber  leng th  in  km.
=  .318
-Blil- ' *
secondswhere
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For  example ,  fo r  th is  sys tem,  w i th  r  =  45n and B l . l  =  20  MHz/km,  ts  =  0 .72  ns .
S ince  typ ica l  laser  pu l  ses  are  0 .5  ns  FWHM the  pu1 se  broaden ing  in  the  f iber
is  comparab le  to  the  t ime reso lu t ion  o f  the  photon  pu lses .  The combined w id th
o f -  l  ns  i s  s ign i f i can t ly  less  than the  t im ing  j i t te r  o f  the  PMTs we are
moni  to r i  ng .
A1 though most optical f ibers attenuate sever' ly in the UV, we have found
one tha t  has  a  to le rab le  absorp t ion  and exce l ien t  mechan ica l  durab i l i t y .  I t
i s  a  fused s i l i ca  te f lon  c lad  f iber l0 .  The 300 um f iber  has  a  bandwid th  o f
20  M{z /kn  and a  loss  a t  337 nm o f  -2 .5  dB/m.  For  a  45  m length  th is  i s  a  loss
o f  a  fac to r  o f  4  x  105 in  l igh t  in tens i ty .  The f iber  has  a  numer ica l  aper -
ture of 0,26 corresponding to an acceptance angle of 15 degrees. The f iber
comes w i th  o r  w i thout  a  p ro tec t ive  jacke t l1 ,  The cab led  f ibers  res is t  a
cont inuous  tens ion  o f  42  lbs .  and a  t ransverse  pressure  o f  250 lbs .  when
applied by two 2" metal plates.
2 .4  L i  gh t  D i  s t r i  bu t  i  on
A method o f  d i f fus ing  the  l igh t  i s  necessary  to  i l l umina te  a l ' l  the  PMTS
at the same t ime and to suppress f iber end modal patterns12. An effect ive
means u t i l i zes  a  suspens ion  o f  sna l l  par t i c les  a t  the  end o f  the  f iber  to
i  so t rop ica l  l y  sca t te r  the  l iqh t .
Two d i f fe ren t  sca t te r ing  co l lo ids  have been success fu l l y  employed,  a
co l lo ida l  s i l i ca13 and a  po lys ty rene suspens ion l4 .  These suspens ions  are
commerc ia l l y  ava i lab le ,  s tab le  fo r  years  (no t  chemica l l y  de l i ca te ) ,  and they
conta in  un i fo rm spher ica l  par t i c les  w i th  nar row s ize  d is t r ibu t ions .
0pera t ion  in  the  Ray le igh  reg ion  where  ind iv idua l  sca t te r ings  are  near ' l y
i  sotropic requi res thatl5:
<  0 .05  (1 )atr
vrhere  a  i s  the  Dar t i c le  rad ius
and I  i s  the  wave length  o f  inc ident  rad ia t ion .
For  the  co l lo ida l  s i l i ca  l s i l i ca  =  0 .031
a -
and for the polystyrene part icles #U!SLI9 = 0.126.
These are  the  on ly  commerc ia l l y  ava i lab le ,  s tab le ,  un i fo rm,  par t i cu la te
suspensions which we have found that approximate the a/ l  cr i ter ia stated in
(1)  above.  The po lys ty rene suspens ion  shou ld  be  expec ted  to  dev ia te  f rom
iso t ropy  fo r  s ing le  sca t te r ings .  However ,  bo th  suspens ions  were  found to
produce near ly  i so t rop ic  sources  when there  was su f f i c ien t  mu l t ip le  sca t te r ing .
The anisotropy of a single scattering does not dominate the radiat ion pattern
o f  the  d i f fuser  i f  we ad jus t  the  f iber  ou tpu t  po in t  pos i t ion  such tha t  there  is
a  re1  a t i ve ly  longer  photon  pa th  length  in  the  fo rward  d i rec t ion  (c f .  F igure
eb) .  Mu1 t ip le  sca t te r ing  is  ca lcu la ted  f rom the  ex t inc t ion  equat ion l63
T =  exp  [ -N[  csca ] .
T  g ives  the  t ransmiss ion  a t  a  d is tance r ,  fo r  photons  pass ing  th rough a
suspens ion  o f  N par t i c les  per  un i t  vo lume whose c ross  sec t ions  are  g iven by
^  1 1
u  sca  i  ' '
^ zqn3 u4 nZ-L
u 
"r^ 
= --t- ' --T-
l '  n -+1
where  V is  the  par t i c le  vo lume,
I  i s  the  wave length  o f  inc ident  rad ia t ion ,
and n  is  the  re la t i ve  index  o f  re f rac t ion ,
-  _  
n  (  par t i  c i  es  )
" -nTmed iumT- '
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PERFORMANCE
Eva lua t ion  w i th  a  Fas t  Photomul t ip l ie r  Tube
The per fonnance o f  the  ca l ib ra t ion  sys tem was eva lua ted  w i th  a  f i ve- inch
fas t  response PMT18 v iewing  the  d i f fuser  wh ich  cou ld  be  or ien ted  arb i t ra r i l y
relat ive to the PMT. A LSI-l l  microcomputerl9 was programmed to choose the
des i red  a t tenuat ion  f i l te r ,  f i re  the  1aser ,  and co l lec t  the  t ime and pu lse
he igh t  in fo rmat ion  f rom the  PMT s iqna l  .
S tandard  opera t ing  cond i t ions  were  se t  a t  a  spark  gap pressure  o f  12  ps i ,
h igh  vo l tage on  the  las ing  channe l  o f  l6  kv ,  channe l  n i t rogen f low o f  20  cm3/n in ,
and channel pressure of 0.04 inches of water. The standard tr iggering
ra te  was 20  pu lses /sec .  These opera t ing  cond i t ions  are  s tab le  and g ive
reproduc ib le  resu l ts .  F ine  tun ing  o f  the  spark  gap spac ing  and pressure  was
requ i red  a f te r  approx imate ly  . |06  pu l  ses  to  ma in ta in  the  lowest  j i t te r  in
laser  f i r ing  t ime re la t i ve  to  the  t r igger  t ime.
3 .1 .1  Laser  E f f i  c i  ency
l, le examined the eff iciency of the laser under various condit ions of
n i t rogen pressure ,  h igh  vo1 tage,  and t r igger ing  ra te .  The ine f f i c iency  was
aeasured by the number of t imes a laser tr igger lras generated, but no pul se
appeared at the photodiode or PMT. The mean ineff iciency is 0.23% averaged
da i ly  over  a  per iod  o f  L0  weeks ,  a t  the  s tandard  cond i t ions  descr ibed above.
We found equa l1y  good resu l ts  fo r  repet i t ion  ra tes  less  than 20  Hz,  bu t  a t
h igher  repet i t ion  ra tes ,  the  ine f f i c iency  inc reased to  -  10% a t  50  Hz.
3 .L ,2  T im ing  Reso  l  u t i  on
The t irne resolut ion is characterized by the j i t ter in the t ime between
a request  fo r  a  laser  pu l  se  and the  resu l t ing  pu lse  a t  the  PMT.  F igure  4
- a -
shows a histogram of TDC values for 5000 requests. The TDC20 was started by
the tr igger pulse to the laser and was stopped by the PMT output f i r ing a 50 mV
discr im ina tor  w i th  a  PMT outpu t  o f  1 .3V t  0 .3V.  The s tandard  dev ia t ion  fo r
the  d is t r ibu t ion  in  f igure  4  i s  1 .5  ns .  The t ime i i t te r  was  one to  two
nanoseconds under  typ ica l  Iaser  opera t ing  cond i t ions2 l  over  a  per iod  o f  s ix
month s.
The cri t ical t ining measurenent was the t ime i i t ter between the photo-
d iode response and the  PMT response s ince  th is  e l im ina tes  t ime var ia t ions  in
the laser. The TDC histogram which shows events whose start ing t imes were at
the  photod iode d isc r im ina ted  ou tpu t  a re  shown in  f igure  5 .  F ive  thousand
events  a re  d isp layed >90% of  wh ich  fa l l  in  two ad jacent  b ins  ( .8ns) .  These
var ia t ions  are  d i rec t l y  a t t r ibu ted  to  the  PMT i i t te r .
3. I  .3 Ampl i  tude Response
lJe measured the ampli tude f luctuations of the systen by making a
histogram of the charge output22 rneasured by the PMT. The histogram is repro-
duced in f igure 6 below. Lett ing <Q> be the mean charge deposit ion we measure
the rat io o/<Q> to be 9% pul se to pulse. These 9% variat ions agree with the
photod iode pu l  se  he igh t  var ia t ions .
3 .1 .4  F iber  A t tenuat ion  Measurements
Attenuation of the bearn due to the optical f iber arise both at the bean-
f iber  in te r face  and th rough the  length  o f  the  f iber .  Coup l  ing  losses  are  due
to the acceptance angle of the f iber and f iber end ref lect ions. The absorption
and sca t te r ing  ar ise  f rom impur i t ies  in  the  core  f iber  and a t  the  core /sheath
in te rna l  re f lec t ion  in te r face .23  Losses  depend s t rong ly  on  wave length .
S ince  no  oub l ished da ta  i s  ava i lab le  fo r  our  f iber  a t  337 nm we measured the
' l n
attenuation. Figure 7 shows the results. The graphs show an attenuation of
-2 .5  d } /n  (a  fac to r  o f  10  decrease per  B  m) .  Th is  g ives  an  a t tenuat ion  length
o f  3 .5  m.  The upper  curve  shows an overa l l  fac to r  2 .5  h igher  leve l  o f  I igh t
due to  a  f la t  c leaved input  end re la t i ve  to  the  o ther  f iber .  l ' l e  f ind  tha t
this factor represents the typical range in acceptance between f ibers cleaved
randomly .  C leaved f iber  ends  are  mic roscop ica l l y  inspec ted  fo r  sur face
i moerfecti  ons .
3 .1 .5  L igh t  Sca t te r ing
A graph o f  the  angu lar  d is t r ibu t ion  o f  a  tvp ica l  d i f fuser  i s  g iven  in
f igure  8a .  The l igh t  i s  i so t rop ic  to  !  207, .  The d i rec t ion  o f  max inun f igh t
ou tpu t  i s  dependent  on  where  the  f iber  te rmina ted  in  the  ba l l  (c f .  f ig  Bb) .
F igure  8a  shows an ins tance whene f iber  end loca t ion  favors  l igh t  sca t te r ing
in the forward (o = 0o) direct ion. The geometry used for the f igure 8a
rad ia t ion  pa t te rn  was a  1 .5  cm d iameter  quar tz  sphere  f i l l ed  w i th  a  1 :84
d i lu t ion  o f  the  po lys ty rene so lu t ion  in  water .  The f iber  end was centered  in
the sphere by eye.
3 .2  Large Sca l  e  Tes ts
A surface array of 128 PMTS on a 4 m cube was arranged in a l ight t ight
room a t  the  Un ivers i ty  o f  M ich igan.  The photomul t ip l ie rs  used in  the  ar ray
were EMI 98708 PMTs destined for use in the IMB proton decay detector. The
PMTS were arranged along the walls of the roorn at reqular intervals with 32
PMTs per  wa l l .  There  were  no  PMTs on the  ce i l ing  or  f loor .  The laser
dif fuser bal l  was centered in the room. The electronic readout of the 128 PMT
array  was s imi la r  to  the  readout  o f  the  s ing le  PMT tes t  se tup .  A  ca l ib ra t ion .
curve  o f  the  mean charge ou tpu t  o f  the  tubes  vs .  re la t i ve  l igh t  in tens i ty  i s
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p lo t ted  in  f igure  9 .  The curve  shows an approx imate ly  logar i thmic  response a t
h igh  l igh t  leve ls  where  the  tubes  beg in  to  sa tura te .  Th is  curve  may be  pu t  on
an abso lu te  sca le  by  us ing  Po isson s ta t i s t i cs  to  de termine the  average number
o f  photons  per  tube a t  low l igh t  leve ls .  Th is  i s  accompl ished by  choos ing  a
l igh t  f i l te r  fo r  wh ich  the  average probab i l i t y  o f  f i r ing  the  PMT is  -  10%,
thus  assuming s ing le  photon  opera t ion .  The average number  o f  photoe lec t rons
is  g iven  by  <n>.
<n> = -1. n ( l-occ)
where occ = occupancy i .e. the percentage of t imes the PMT exhibits
response.
Wi th  a  knowledge o f  <n>,  the  number  o f  photons  observed a t  h igh  l igh t
Ievels rnay be found by scal ing <n> according to the transmission of the known
f i l te r  chosen in  the  sys tem.  Us ing  the  l igh t  sys tem descr ibed in  th is  paper ,
the 128 PMTs are cal ibrated in t ime and in pu1 se height frorn 10% occupancy t0
100 photoelectrons per tube satisfactori ly over a period of three nonths.
4. SUMMARY
A' l  igh t  pu lse  sys tern  has  been deve loped wh ich  produces  UV l igh t  use fu l
fo r  the  ca l ib ra t ion  o f  PMTs v iewing  Cerenkov  rad ia t ion .24  The pu lse  w id th  i s
- .  1ns  and j i t te r  w i th  respec t  to  the  photod iode is  less  than L  ns .  Pu lse
in tens i t ies  a re  var ied  be tween the  s ing le  photoe lec t ron  leve l  and 1eve1 s  h igh
enough to saturate 5 inch PMTS 10 m in water from the source. The output
is  conven ien t ly  hand led  and d i rec ted  by  us ing  a  fused s i l i ca  op t ica l  f iber .
The f iber  ou tpu t  i s  i so t rop ica l l y  d ispersed us ing  Ray le igh  sca t te r ing .
The sys tem can be  used to  tes t  and ca l ib ra te  s ing le  PMTs or  la rge  ar rays .
Cur ren t ly  a  second genera t ion  o f  the  appara tus  is  mon i ton ing  and ca1 ib ra t ing
the 2048 PMT I rvi ne-Mi c h i  gan-B rookhaven proton decay detector.
-L2-
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FIGURE CAPTIONS
Figure  1 .  B lock  d iagram o f  en t i re  Iaser  sys tem showing maior  e lements  and
e lec t ron ic  cont ro l  .
F igure  2 .  D iagrammat ic  en la rgement  o f  op t ica l  p rocessor  w i th  de ta i l  o f  bean
moni to r ing  and man i  Pu l  a t i  on .
Figure 3. Spectra comparing cerenkov l ight production and attenuation for
a r b , c r d .
B=ls ing . l ychargedpar t i c . le inwate rw i thb ia lka . l i pho toca thode
resDonse.
F igure  4 .  H is togram o f  d ig i t i zed  t imes be tween laser  pu lse  reques t  and
discriminated PMT output for 5000 laser requests'
Figure 5. Histogram of digit ized t irnes between discriminated photodJode
output and discriminated PMT output for 5000 laser requests'
Figure 5. Histogram of integrated PMT output charge exhibit inq the
var ia t ions  in  laser  energy  ou tpu t  fo r  5000 events '
F igure  7 .  A t tenuat ion  curve  a t  337 nm fo r  two fused s i l i ca  op t ica l  f ibers
wi th  d i f fe ren t  f iber input  face  qua l i t ies .
F igure  Ba.  Ray le igh  d i f fuser  fa r  f ie ld  rad ia t ion  pa t te rn  fo r  a  f iber  whose
end is centered in the dif fuser sphere. Line hand drawn to guide
the eYe.
F igure  Bb.  F iber  end p lacement  in  Ray le igh  d i f fuser .
F igure  9 .  Ca l ib ra t ion  curve  o f  in tegra ted  photo tube ou tpu t  charge as  a
function of bean energy.
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